A series of solid acids such as ZrO 2 , 5% Mo(VI)/ZrO 2 , 10% Mo(VI)/ZrO 2 , 20% Mo(VI)/ZrO 2 and SO 4 2-/ZrO 2 were prepared. These solid acids were characterized by BET, NH 3 -TPD / nbutylamine back titration, powder-XRD, FT-IR spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM) and ICP-OES techniques. The catalytic performance of these solid acids was evaluated in the synthesis of novel aromatic esters by the assistance of microwave irradiation and the catalytic activity of these solid acids was compared with pTsOH. The results clearly indicated that the zirconia based solid acids are efficient green catalysts for esterification reactions, which gave maximum yield of ester in shorter reaction time and comparable to the catalytic activity of pTsOH Brönsted acid. Kinetic studies were carried out to calculate the temperature coefficients (1.66 and 1.56) and energy of activation (66. 
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Introduction
Many organic transformations are assisted by heterogeneous solid acid catalysts such as metal oxides, mixed metal oxides, doped metal oxides, zeolites, resins, clays, etc., [1] [2] [3] [4] . These solid acids can replace liquid acid catalysts like H 2 SO 4 , HCl, AlCl 3 , BF 3 , H 3 PO 4 , SnCl 4 , ZnCl 2 , etc., [5] [6] . The main advantages of solid acid catalysts are that they are eco-friendly and green because, solid acids are non-toxic, non corrosive, easy to recover and reusable for several times and also reduce or even eliminate the production of hazardous materials [7] [8] .
Metal oxide based solid acids like zirconia (ZrO 2 ) as well as modified forms of zirconia is widely employed as catalysts in a number of acid catalyzed reactions. Such as, transesterification, esterification, alkylation, acetylation, hydrocarbon isomerization, synthesis of heterocyclic compounds, etc., [7] [8] [9] [10] [11] [12] [13] [14] . It has been reported that Mo(VI) and SO 4 2-ions impregnated on ZrO 2 can increase the number of catalytically active sites of zirconia and also increases the more active tetragonal phase of zirconia which is even catalytically active at higher temperatures.
Microwave (MW) irradiation assisted organic reactions have been widely used in small scale as well as large scale organic synthesis, because polar organic molecules selectively absorb MW energy [15] [16] [17] [18] . MW irradiated organic synthesis gives higher yield of the products in shorter reaction times when compared to conventional thermal reactions. Due to shorter reaction times the catalyst could be preserved from decomposition and also increased catalytic efficiency could be expected 19 . Moreover, microwave heating accelerate the chemical reactions under increased pressure conditions because solvents can rapidly get superheated to temperatures >100 °C above its boiling point when irradiated under microwave conditions in a sealed vessel [20] [21] .
Esters are a group of organic compounds which are widely used in the synthesis of food additives, drugs, cosmetics, preservative solvents, perfumes, pharmaceuticals, plasticizers, lubricants, solvents, detergents, soaps, reaction intermediates, etc., [22] [23] [24] [25] [26] [27] [28] [29] . Different approaches have been employed in both laboratory and commercial scale to prepare esters. The process of esterification may be enormously accelerated by the addition of corrosive reagents like sulfuric acid, hydrochloric acid (HCl), thionyl chloride, trimethyl silane (TMS) diazomethane, etc., [26] [27] [28] [29] [30] [31] .
The main goal of this research work was to obtain suitable solid acid catalysts for esterification of aromatic carboxylic acids with aliphatic alcohols. Reaction mechanism was also proposed by pre-adsorption study.
Experimental

Chemicals
Chemicals such as zirconyl nitrate octahydrate, ammonium molybdate, pTsOH and H 2 SO 4 were supplied by M/S LOBA Chemie Ltd., India. Aromatic halogenated carboxylic acids and propanol were supplied by either Alfa-Aesar or Sigma Aldrich or Leonid. 
iii. Preparation of sulfated zirconia (SZ)
Sulfated zirconia (SO 4 2-/ZrO 2 ) was prepared as follows: Previously prepared Zr(OH) 4 was made into a paste with 6 mL of 3 M H 2 SO 4. The resulting paste was dried at 120 °C for 12 h in a hot air oven and the obtained solid was finely powdered.
All the finely powdered solid acid catalytic materials were calcinated at 550 °C in a muffle furnace for 5 h.
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Characterization of solid acids
Specific surface area of solid acid catalytic materials was determined by BET method. NOVA 1000 Quanta chrome high-speed gas sorption analyzer instrument was used to measure the specific surface area of all the prepared catalysts. The surface acidity of the solid acids were determined by NH 3 -TPD method using Plus Chemisorb 2705 (Micromeritics) as well as by nbutyl amine back titration technique using dry benzene solvent. PXRD patterns of these solid acids was obtained from X'pert Pro Philips diffractometer equipped with a Ni filtered Cu-Kα radiation with λ=1.5418 Å using a graphite crystal monochromator with a scanning range 
Catalytic activity studies of solid acids
The esterification of various halogenated carboxylic acids with n-propanol or iso-propanol in the presence of solid acids was carried out in a pressurized reaction tube (10 mL) equipped with a magnetic stirrer, which was then irradiated at a particular temperature (85-145 °C) for a definet period of time (10-70 min) in a self tuning single mode Labmate ® microwave synthesizer. After the completion of the reaction, the reaction mixture was cooled rapidly to room temperature by passing compressed nitrogen through the microwave cavity for 5 min. The catalyst was recovered by filtration and the organic layer was dried and diluted with 15 mL of ethyl acetate. 
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The unreacted carboxylic acid was removed by washing with 5 mL of saturated sodium bicarbonate solution. The organic layer was dried over anhydrous sodium sulphate and evaporated in vacuum to get the desired product. Obtained product was characterized by 1 H NMR, 13 C NMR (Varian) and LCMS (Agilent).
The reaction parameters such as reaction time, reaction temperature, molar ratio of the reactants and amount of the solid acid catalyst were varied for optimization and to get more yield of esters. Kinetic study and pre-adsorption studies were also carried out for a particular esterification reaction.
Reusability of solid acids
In order to study the reusability of the solid acid catalysts, the used solid acid was filtered from the reaction mixture, washed with ethyl acetate, dried at 120 °C for 1 h and calcined at 550
°C for 1 h. Then, the re-activated solid acid was used for esterification reaction under optimized reaction conditions with fresh reaction mixture for five consecutive reaction cycles.
Results and discussion
Characterization of solid acids
The BET surface area (SA), total surface acidity (TSA) as well as acid site distribution obtained by NH3-TPD method of ZrO 2 , 5MZ, 10MZ, 20MZ and SZ are listed in Table 1 .
The surface area of solid acids was found to follow the order:
The surface area of zirconia was found to be least when compared to other solid acids. 
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The TSA values of ZrO 2 , 5MZ, 10MZ, 20MZ and SZ determined by NH 3 -TPD/n-butyl amine back titration technique are presented in Table 1 . The TSA of the solid acids was found to follow the order: ZrO 2 < 5MZ < 20MZ < 10MZ < SZ
The TSA values indicate that the impregnation of either Mo(VI) or SO 4 2-ions has a strong impact on the acidic properties of zirconia.
When acid sites distribution of pure zirconia, MZ and SZ were compared, it was observed that pure zirconia consists of 'weak' and 'moderate' acid sites, MZ consists 'moderate' and 'strong' acid sites whereas SZ consists of 'strong' and 'very strong' acid sites. This type of acid sites distribution is in good agreement with the acid site distribution reported in the literature [33] [34] [35] .
The PXRD patterns of solid acids are shown in Fig. 1 . As could be seen from the figure, both tetragonal and monoclinic phases are observed for pure zirconia. In case of 5MZ, 10MZ, 20MZ and SZ, the intensity of the peaks corresponding to monoclinic phase was found to decrease. This shows that Mo(VI) or SO 4 2-ions strongly influences phase modification of zirconia (monoclinic to the metastable tetragonal). For 10MZ, it is interesting to note that PXRD peaks corresponding to monoclinic phase is very low and major peaks corresponding to tetragonal phase are observed. In case of 5MZ and 20MZ, low intense peaks corresponding to monoclinic phase were also observed. In case of SZ, only tetragonal phase of zirconia could be observed. The incorporation of SO 4 2-ions may delay the formation of crystalinity of ZrO 2 crystallites thus stabilizes it into metastable tetragonal phase. 
M indicates monoclinic and T indicates tetragonal phase].
Interestingly, a triangular correlation ship was found to exist between the surface area, TSA and crystalinity of the solid acid catalysts. This observation indicates that the tetragonal crystalline phase of zirconia could be responsible for higher surface area as well as higher surface acidity of zirconia catalysts [36] [37] . The FT-IR spectra of all the prepared solid acids are given in Fig. 2 
Catalytic activity studies of solid acids (in esterification)
To begin with, in order to optimize the reaction conditions, liquid phase esterification reactions between 3-fluoro benzoic acid (3FBA) and n-propanol (PrOH) over the solid acids Among all the solid acids, SZ showed highest yield of (propyl 3-fluro benzoate) P3FB
ester, which can be due to the presence of 'strong' and 'very strong' acidic sites in SZ. However, MZ catalysts showed poor yield of P3FB compared to SZ which can be due to the presence of 'moderate' and 'strong' acid sites in MZ. This clearly indicates that the esterification of aromatic carboxylic acid with an alcohol is highly influenced by the strength of acid sites on the catalyst.
Homogeneous Brönsted acids (H 2 SO 4 or pTsOH) showed comparatively higher yield than other solid acids in the present study. However, use of eco-friendly heterogeneous catalysts is advantageous over homogeneous acids due to easy separation and re-usability. Under the present reaction conditions, the catalytic activity of SZ was comparable to the catalytic activity of a SZ and pTsOH were selected as catalysts for further optimization of reaction conditions and for kinetic study.
Further, the yield of P3FB was found to increase over different solid acids in the order:
ZrO2<5MZ<20MZ<10MZ<SZ. This order clearly indicates that, there is correlation between the catalytic activity and their physic-chemical properties like surface area, total surface acidity and tetragonal phase of the catalyst.
Effect of MW irradiation on the yield of P3FB
In order to study the effect of MW irradiation on the yield of P3FB, esterification of This study indicates that the esterification reaction under MW irradiation is much more effective than the conventional thermal method. Note: The yield of P3FB by thermal conventional method are shown in the parenthesis.
Effect of reaction time on the yield of P3FB
In order to study the effect of reaction time on the yield of the P3FB, the esterification reactions of 0.5 g of 3FBA with 2.7 mL PrOH were carried out in the time range of 10-70 min over 0.05 g of catalyst at 130 °C and the results are given in Fig. 6 . It was observed that the yield 
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(%) of P3FB increases with an increase in the reaction time and a maximum yield was observed at 60 min and stabilizes thereafter over both SZ and pTsOH catalysts. Hence, reaction time of 60 min was chosen to optimize the other reaction conditions. 
Effect of reaction temperature on the yield of P3FB
The esterification reactions of 3FBA with PrOH were carried out in a temperature range 
Effect of molar ratio of the reactants (3FBA:PrOH) on the yield of P3FB
In order to study the effect of molar ratio of the reactants i.e., 3FBA to PrOH, 
Effect of amount of solid acid on the yield of P3FB
The effect of amount of SZ or pTsOH in esterification reaction was studied at 130 
Kinetic studies
The kinetic studies were carried out over SZ and pTsOH catalysts. The kinetic study experiments were conducted to obtain temperature coefficient and energy of activation of SZ with pTsOH and mass transfer limitations during esterification of 3FBA with PrOH. The mass transfer limitation was evaluated by changing the amount of catalytic material. A linear increase in the yield of P3FB with an increase in the catalytic material was observed (Fig. 9 ). This shows that the resistance to mass transfer is negligibly small between the liquid bulk of reactant and the other outer surface of the catalytic materials. In fact in the absence of all transport limitations, the rate of reaction is proportional to the amount of catalytic materials 40 .
Plot of -ln[1-yield P3FB ] against reaction time with varying the reaction temperature from 110 °C to 130 °C over SZ and pTsOH are shown in Fig. 10 . The values of first-order rate constants for SZ and pTsOH at different reaction temperatures are obtained from slopes of plots (Fig. 10) . The values of energy of activation (2) where, R = gas constant, k 1 = rate constant at temperature T 1 and k 2 = rate constant at temperature T 2. Table 3 . Reaction rate constant, energy of activation and temperature coefficients for the formation of P3FB of SZ and pTsOH catalysts for esterification of 3FBA with PrOH.
Effect of reactant pre-adsorption
In order to study the catalytic reaction mechanism of esterification of 3FBA with PrOH, reactant pre-adsorption study was carried out 41 . The important mechanistic question in esterification catalyzed by solid acid catalyst is the involvement of one or two surface-bonded mechanism. The ER mechanism involves the adsorption of only one of the reactants (either 3FBA or PrOH) onto the surface, after which the other reactant interacts with the adsorbed species directly followed by desorption of the reaction product 42 . In case of LH mechanism, both reactants (3FBA and PrOH) first adsorb onto the surface before reaction could take place 43 .
Thus, the effect of reactant pre-adsorption has been studied under optimized reaction conditions such as 0.05 g of SZ at 130 °C for 30 min under MW irradiation with 0.5 g of 3FBA and 2.7 mL of PrOH. 0.05 g of SZ was premixed with PrOH or both 3FBA and PrOH for 24 h at room temperature and the reaction was performed under optimized reaction conditions after adding remaining reactants. The obtained yield of P3FB verses time plots are shown in Fig. 11 , where the plot corresponding to without premixing of reactants is also presented for comparison.
Premixing study of the catalyst with 3FBA was not carried out because of its solid nature and literature results revealed that the chemisorption of an alcohol is stronger than the acid 44 . Table 4 . Spectral data of the synthesized esters are given in Appendix-1. 
